Abstract-The mechanical mixing and subsequent compaction of a powder mixture consisting of carrier powder (electrolytic copper (Cu) with particle size of 20-100 μm) with nanopowder modifier compound (powders of silicon carbide (SiC)-50-70%, silicon nitride (Si 3 N 4 )-20-30%, sodium hexafluoroaluminate (Na 3 AlF 6 )-10-20%) with particle size of 70-100 nm obtained by azide technology of self-propagating hightemperature synthesis (SHS) were investigated. The mixtures containing 2.5, 5, 10, 15% of the modifier were investigated. Mechanical mixing was carried out for 30-45 min at speed of 150 rpm in a Pulverizette-5 planetary mill. An analysis of mixing of the raw powder components was performed. Some physicotechnological properties of the obtained powder mixtures, such as particle size distribution, density, bulk weight, and flowability, are determined. The formation of briquettes-the nanopowder pseudo-ligatures from powder mixtures of composition Cu-(SiC + Si 3 N 4 ) with different concentration of modifier-was carried out by cold pressing. Compacting of the received mixtures of powders was carried out in cylindrical mold using a PSU-50 hydraulic press under pressure of 85-310 MPa. The dependence of the relative density and porosity of the briquettes on the pressure of pressing is determined. The microstructures of pseudo-ligatures pressed at maximum pressure of pressing are presented. Briquettes-nanopowder pseudo-ligatures with diameter of 25 mm, height up to 2 mm, weight of 5 g, with relative density of 53-85% and porosity of 15-47%-intended for subsequent input to aluminum melt with the aim of inoculation are obtained.
INTRODUCTION
Obtaining high-quality ingots and castings of composite aluminum alloys is determined by quality of initial charge materials and especially the ligatures used for effective alloying, modification, and reinforcement. The choice of ligature production method depends on production volume, its required quality, function, availability of the melting and casting equipment, etc. [1] . The ligatures can be introduced into alloys in solid or liquid form. In the first case, it is used the most widely (in the form of ingots, rods, granules or pseudo-ligature briquettes), because its loading is carried out on the hearth of the furnace or over all of the furnace charge; therefore, in the course of melting, the ligature does not accumulate in one place, but is almost evenly distributed over the fusion volume.
There are various ways of obtaining ligatures for modification of metals and alloys [1] [2] [3] : the alloying of pure components, the restoration of the alloying metal from its connections, the powder metallurgy method, etc. The last option (the mixing of powders of metals and alloys with subsequent pressing) allows precise dosing of the content of the alloying elements in an alloy [4] [5] [6] . The rational mixing of powders and the correct selection of the deformation modes of the powder mixtures and ways of the subsequent input of the obtained pseudo-ligatures to fusion of aluminum alloys or aluminum of different degree of purity provide a necessary complex of properties of composite alloys on an aluminum basis [7, 8] .
The modification by input to melts of pseudo-ligature briquettes containing refractory particles makes it possible to change the grain structure of the alloy and improve the mechanical and operational characteristics of materials [1] . Thus, by adding to the melt 1% SiC nanoparticles, there is possibly the same increase in the degree of deformation of the alloy in the solid state as when using 10% SiC microparticles. However, for ensuring the reliable input of SiC nanoparticles to the aluminum melt, it is recommended to combine this operation with ultrasonic processing [9, 10] .
In [11, 12] , it is confirmed that the known ways of direct input to metal melts of powdery modifiers are impossible in the case of use of nanopowders, because 1 The article was translated by the authors.
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nanoparticles are very active, easy to stick, and hardly moistened with liquid melt and form a dustlike suspension, which under certain conditions is capable of self-ignition and is explosive in air.
The traditional technologies of obtaining aluminum composite alloys, having such shortcomings as complexity, duration, energy consumption, and often environmental harm, do not make it possible to manage the process of formation of structure of alloys in full. In turn, high functionality, accessibility, and relative simplicity of execution distinguish the method of obtaining composite Al-alloys via modification of aluminum alloys by nanopowder pseudo-ligatures consisting of metal powder (the carrier) and nanopowder (the modifier). So, nanopowders, mainly carbides, nitrides, carbonitrides, etc., are introduced into the melts in the form of rods pressed from the composition "alumina particles (granules, chaff of aluminum wire) and nanopowder particles" with the content of nanoparticles up to 2.7%. However, such amount of fine particles of phase hardener evenly distributed between the metal particles to produce a composite with the desired properties is insufficient [11, 12] .
The purpose of this work is to investigate the technology of obtaining pseudo-ligature briquettes consisting of copper carrier powder and mixture of nanopowders of the modifying phase (SiC + Si 3 N 4 ) at increased content of the latter.
METHODS
The compaction of the powder mixture consisting of refractory compounds SiC and Si 3 N 4 and the metal (Cu) carrier powder was investigated. The properties of the components are given in Table 1 .
As the carrier of the pseudo-ligature, the copper powder with the particle size of 20-100 μm (Fig. 1a) having a high density (8920 kg/m 3 ) in comparison with aluminum fusion (2700 kg/m 3 ) and used as the alloying component for aluminum alloys was chosen.
The function of the ultradisperse modifying powder was performed by composition of powders of silicon carbide (SiC)-50-70%, silicon nitride (Si 3 N 4 )-20-30%, and sodium hexafluoroaluminate (Na 3 AlF 6 )-10-20%, obtained by azide technology of self-extending high-temperature synthesis, with particles sizes of 70-100 nm (see Fig. 1b ) [13, 14] . In this powder mixture, cryolite Na 3 AlF 6 is a typical flux for refining and modification of melts of aluminum alloys; it can promote the introduction of ceramic micro-and nanopowders into the aluminum melt and also protection of the melt against oxidation and saturation with hydrogen.
The mechanical mixing was carried out in a Pulverizette-5 planetary mill for 30-45 minutes at the speed of 150 rpm. As the grinding bodies, steel spheres with the diameter of 20 mm were used. The ratio of mass of spheres and powder mixture was 10 : 1. For the best (а) (b) mixing, the planetary mill was filled to 1/3 volume. The uniformity of mixing was estimated by means of randomly taken samples-the charge was considered uniform if not less than 95% of these samples had almost identical chemical composition and particle size. The particle size distribution of powders was determined by an Analysette 22 Compact (Germany) laser analyzer of particle size, the chemical composition was determined using an INCAx-act energy-dispersive detector of micro-X-ray spectral analysis on a TESCAN Vega SB microscope (Czech Republic), the bulk weight of powders was determined by a volumeter (Russia), and the flowability of powders was determined by Hall's method.
For the formation of pseudo-ligatures of powder mixture Cu-(SiC + Si 3 N 4 ), cold pressing was applied. Its uniaxial compaction was carried out in a cylindrical compression mold with internal diameter of 25 mm; the height of the briquettes was 1.5-2.0 mm and weight was 5 g. The compression pressure was varied from 85 to 310 MPa.
The relative density of the obtained pseudo-ligatures was calculated by the formula [6, 17] ,
where γ pres is the calculated density of compact, g/cm 3 ; and γ comp is the density of compact material, g/cm 3 . The settled density of compacts was determined by hydrostatic weighing [18]: (2) where ρ w is the density of water at room temperature, g/cm 3 ; and G air and G w are the mass of the compact, respectively, in air and in water, g. where с 1 , с 2 , and с 3 are the concentrations of the components of the powder mixture, wt %; and γ 1 , γ 2 , and γ 3 are their compact densities, g/cm 3 .
The porosity of the obtained briquettes was calculated by the formula [17, 18] (4) where П is the porosity of material, %; and θ is the relative density, %.
RESULTS AND DISCUSSION
The chemical composition and some physical and technological properties of the mixtures of powders after milling are shown in Tables 2 and 3 .
In identical modes of mechanical mixing with an increase in content of the disperse inclusions (SiC + Si 3 N 4 ), which are evenly distributed between Cu particles, reduction of the average size of powder particles in the studied compositions is noted (see Table 3 ). The highest value of density of the heterogeneous mixture of powders in the compact state belongs to the composition Cu-2.5% (SiC + Si 3 N 4 ), which is explained by a lower mass concentration of the hardener phase in the powder mixture. Also, the larger value of bulk weight in this composition is related to this factor. However, all studied powder compositions do not have flowability; therefore, after pressing in briquettes, an insignificant heterogeneity with respect to density is observed.
In Fig. 2 , microphotographs of particles of powder mixtures of the studied structures obtained after mixing are presented.
In the mixing process, the shape of powder particles changes. Thus, if particles of the initial copper powder have dendritic shape (see Fig. 1a ) and those of powder composition (SiC + Si 3 N 4 ) have irregular contours (see Fig. 1b ), after the mixing in a planetary mill, in the obtained mixture, particles of fragmentation form and irregular shapes and also insignificant congestions of separate conglomerates are observed (Fig. 2) .
According to the random samples taken for the chemical composition and particle size distribution Tables 2 and 3) , the powder components are almost evenly distributed over the volume of the obtained powder mixture.
In Fig. 3 , the dependences of relative density of compacts (θ) of powder mixture Cu -(SiC + Si 3 N 4 ) on pressure of pressing (Р) are presented. Owing to the small size of the compacts in this case, the losses to friction and external overpressure can be neglected. According to Fig. 3 , the briquette of composition Cu-15% (SiC + Si 3 N 4 ) obtained by pressing with a surface pressure of 310 MPa has the greatest density; the maximum porosity is observed in the briquette Cu-10% (SiC + Si 3 N 4 ) after compression at P = 85 MPa.
In the range P = 85-130 MPa, the powder mixture Cu-5%(SiC + Si 3 N 4 ) has the most intense compaction, and at P = 130-310 MPa, the composition Cu-15%(SiC + Si 3 N 4 ) with average size of particles of 25-60 μm has the most intense compaction.
As is known, the compressibility of powders is determined by their properties (particle size, shape, degree of work hardening, etc.). At mechanical mixing of the initial powders "dry" in a centrifugal planetary mill, slight hardening of powder particles and gas saturation are observed. Thus, a significant increase in deformation resistance upon compacting the powders investigated is due to hardening of copper; the content of impurities in the contact areas significantly complicates the softening of the powder material.
In Fig. 4 , microstructures of the pseudo-ligatures pressed at pressure of 310 MPa are presented. Apparently, in structures of the pressed materials, there are pores, which is a necessary condition in the technol- 
